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BASIC -ABSTRACT: 

Method of friction welding a steel shaft (1) to a turbine rotor (3) made of 
titanium aluminide comprises: (a) applying a heat resistant alloy (2) onto an 
end surface of the shaft; (b) rotating the turbine rotor and the shaft relative 
to each other at a peripheral speed in the range of about 145 cm/s to about 260 
cm/s both inclusive with the heat resistant alloy being compressed onto a 
surface of the turbine rotor to pressure weld the shaft to the turbine rotor 
due to frictional heat generated by the relative rotation between the shaft and 
the turbine rotor; and (c) machining off (shaving) a peripheral portion of the 
shaft to remove cracked portions. 

USE - Used in friction welding a steel shaft to a titanium aluminide turbine 
rotor . 

ADVANTAGE - By rotating the shaft and rotor at peripheral speeds in the range 
145 cm/s to 260 cm/s while compressing the heat resistant alloy cracking is 
prevented in the shaft central portion. The cracked portions in the periphery 
are then machined off to provide a shaft welded to a turbine rotor with a high 
bonding force. ^ 
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(54) Method of friction-welding a shaft to a titanium alumlnide turbine rotor 


(57) There is provided a method of friction-welding 
a steel shaft to a turbine rotor made of titanium alumi- 
nide, including the steps of (a) banking a heat resistant 
alloy onto an end surface of the shaft, (b) rotating the 
turbine rotor and the shaft relative to each other at a 
peripheral speed in the range of about 145 cm/s to 
about 260 cm/s both inclusive with the heat resistant 
alloy being compressed onto a surface of the turbine 
rotor, to thereby pressure-welding the shaft to the tur- 
bine rotor due to frictional heat generated by relative 
rotation between the shaft and the turbine rotor, and (c) 
shaving a peripheral portion of the shaft so that the 
shaft has an outer diameter which is about 80% of an 
original diameter thereof. The method enables to bond 
a turbine rotor made of titanium aluminide to a steel 
shaft with sufficient bonding strength without causing 
cracks on surfaces of the turbine rotor and shaft. 
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Description 

BACKGROUND OF THE INVENTION 

FIELD OF THE INVENTION 

The invention relates to a method of fabricating a 
turbine rotor used for a turbo-charge, and more particu- 
larly to a method of friction-welding a steel shaft to a tur- 
bine rotor made of titanium aluminide. 

DESCRIPTION OF THE RELATED ART 

In general, a turbo-charger having a turbine rotor at 
one end and a compressor at the other end employs a 
turbine shaft comprising a turbine rotor and a shaft con- 
nected to the turbine rotor. A conventional turbine shaft 
comprises a turbine rotor made of nickel-based super 
alloy such as inconel 713c, and a shaft made of low 
alloy steel and connected directly to the turbine rotor. 
However, the conventional turbine rotor made of nickel- 
based super alloy has a problem that it has a relatively 
high specific gravity, specifically about 7.9, and hence 
has a great moment of inertia, resulting in poor 
response. 

In order to solve this problem, a turbine rotor is 
requested to be made of titanium aluminide intermetal- 
lic compound based alloy (hereinafter, referred to simply 
as "Titanium aluminide" or "TiAl alloy"). Titanium alumi- 
nide has many superior distinctions. For instance, tita- 
nium aluminide has a high melting point and a high 
hardness, and has a higher specific strength and a 
smaller specific gravity (about 3.8) than nickel-based 
super alloy. 

However, titanium aluminide has a smaller ductility, 
in particular at room temperature (RT) than other met- 
als. Thus, titanium aluminide is cracked in widely used 
arc-welding and electron beam welding. Though tita- 
nium aluminide can be vacuum-soldered, vacuum-sol- 
dering of titanium aluminide has poor productivity with 
the result of cost increasing. 

Thus, friction welding presently attracts attention as 
a process having a high productivity with the result of 
cost reduction. For instance, friction welding is reported 
in "Friction Welding characteristics of TiAl interrnetallic 
compound", Japan Mechanical Academy Journal, Vol. 
58, No. 2, 1994, in "Development of titanium aluminide 
turbocharger rotor", I Mech E C484/019/94, and in Jap- 
anese Patent Application No. 63-308892. However, if a 
shaft is friction-welded directly to a turbine rotor, there is 
formed a hard, brittle diffusion layer at an interface ther- 
ebetween, and the shaft and/or turbine rotor is cracked 
originating from the diffusion layer. Thus, friction weld- 
ing has a problem on welding intensity and dispersion 
on welding intensity. 

In order to solve this problem, Japanese Unexam- 
ined Patent Publication No. 1-241375 has suggested a 
method of friction-welding a steel shaft to a turbine rotor 


made of titanium aluminide through intermediate mate- 
rial, in which solder is applied to welding surfaces. Jap- 
anese Unexamined Patent Publication No. 2-78734 has 
suggested a method of friction-welding a shaft to a tur- 

5 bine rotor through intermediate material having a high 
bonding force. It is of course possible to friction-weld a 
shaft to a turbine rotor by those methods, but those 
methods have a problem that surfaces of a shaft and/or 
a turbine rotor may be cracked due to a difference in 

10 thermal expansion coefficiency between a steel shaft 
and a turbine rotor made of titanium aluminide, resulting 
in poor welding force therebetween. 

SUMMARY OF THE INVENTION 

15 

In view of the foregoing problems of the prior meth- 
ods, it is an object of the present invention to provide a 
method of friction-welding a steel shaft to a turbine rotor 
made of titanium aluminide with a sufficiently high bond- 

20 ing force. 

There is provided a method of friction-welding a 
steel shaft to a turbine rotor made of titanium aluminide, 
including the steps of (a) banking a heat resistant alloy 
onto an end surface of the shaft, (b) rotating the turbine 

25 rotor and the shaft relative to each other at a peripheral 
speed in the range of about 145 cm/s to about 260 cm/s 
both inclusive with the heat resistant alloy being com- 
pressed onto a surface of the turbine rotor, to thereby 
pressure-welding the shaft to the turbine rotor due to 

30 frictional heat generated by relative rotation between 
the shaft and the turbine rotor, and (c) shaving a periph- 
eral portion of the shaft. 

There is further provided a method of friction-weld- 
ing a steel shaft to a turbine rotor made of titanium alu- 

35 minide, including the steps of (a) banking a heat 
resistant alloy onto an end surface of the shaft, (b) rotat- 
ing the turbine rotor and the shaft relative to each other 
at a peripheral speed in the range of about 145 cm/s to 
about 260 cm/s both inclusive with the heat resistant 

40 alloy being compressed onto a surface of the turbine 
rotor, to thereby pressure-welding the shaft to the tur- 
bine rotor due to frictional heat generated by relative 
rotation between the shaft and the turbine rotor, and (c) 
shaving a peripheral portion of the shaft so that the 

45 shaft has an outer diameter which is about 80% of an 
original diameter thereof. 

By reducing an outer diameter of the shaft in the 
step (c), cracked portions are shaved off. 

The inventors had conducted a lot of experiments 

so for friction welding which is advantageous with respect 
to cost performance, in order to solve the above men- 
tioned problems. As a result, the inventors have found 
out an optimal range of a rotational speed under a cer- 
tain compressive force and a period of time to ensure 

55 sufficient bonding force and quality in welding, which 
rotational speed would significantly influence heating 
value at an interface between a shaft and a turbine rotor. 
In addition, the inventors have also found out an outer 
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diameter of a shaft before friction-welded and after fin- 
ished, in order to ensure sufficient bonding force and 
reduce dispersion in bonding force. 

In accordance with the step (a) of the method, it is 
possible to reduce a possibility of cracks caused by a 
difference in a thermal expansion coefficiency between 
a shaft and a turbine rotor, by banking heat resistant 
alloy onto an end surface of a shaft However, since a 
peripheral portion of the shaft has a high peripheral 
speed, much heating value is likely to be generated at 
the peripheral portion to thereby cause a diffusion layer 
to be generated there. In addition, there is generated 
much difference in thermal expansion when cooled 
between a shaft and a turbine rotor. Thus, it is quite dif- 
ficult to completely prevent cracking. Hence, the method 
in accordance with the present invention includes the 
step of rotating the turbine rota and the shaft relative to 
each other at a peripheral speed in the range of about 
1 45 cm/s to about 260 cm/s both inclusive with the heat 
resistant alloy being compressed onto a surface of the 
turbine rotor, to thereby pressure-welding the shaft to 
the turbine rotor due to f rictional heat generated by rel- 
ative rotation between the shaft and the turbine rotor. 
Because of this step, it is possible to prevent cracking in 
at least a central portion of the shaft. Then, a peripheral 
portion of the shaft is shaved for removing cracked por- 
tion. Specifically, a peripheral portion of the shaft is 
shaved so that the shaft has an outer diameter which is 
about 80% of an original diameter thereof. Thus, there 
is completed a turbine shaft where a shaft is welded to 
a turbine rotor with a sufficient welding force. 

The heat resistant alloy is selected from those hav- 
ing high binding force both to the shaft and the turbine 
rotor. Specifically, it is preferable that the heat resistant 
alloy is selected from nickel-based alloy, austenite fam- 
ily iron-based alloy, titanium-based alloy or cobalt-based 
alloy. Those alloys provide high reliability for operation 
at a high temperature due to their heat resistance, and 
also provide high bonding force against both titanium 
aluminide and steel such as low alloy steel and common 
steel, thereby a shaft being friction-welded to a turbine 
rotor with less cracks. 

The above mentioned method may further have the 
step (d) of forming at least one hole with the heat resist- 
ant alloy. The step (d) is carried out between the steps 
(a) and (b). 

It is preferable that the heat resistant alloy is com- 
pressed onto the turbine rotor in the step (b) under a 
pressure of about 30 kgf/mm 2 when f rictional heat gen- 
erates and about 40 kgf/mm 2 when the shaft is bonded 
to the turbine rotor. 

In the above mentioned method, at least one of the 
shaft and the turbine rotor is rotated in the step (b). Both 
of them may be rotated, but it is preferable that only the 
shaft is rotated. The shaft may be made of one of low 
alloy steel and common steel. 

The above and other objects and advantageous 
features of the present invention will be made apparent 


from the following description made with reference to 
the accompanying drawings, in which like reference 
characters designate the same or similar parts through- 
out the drawings. 

5 

BRIEF DESCRIPTION OF THE DRAWINGS 

Fig. 1 is a flow chart showing respective steps of 
the method in accordance with the present invention. 
10 Fig. 2A is a plan view illustrating a turbine shaft fab- 
ricated in accordance with the present invention, show- 
ing a status of the turbine shaft after friction welding is 
completed but before finishing is carried out. 

Fig. 2B is an enlarged view illustrating a friction- 
15 welded portion of the turbine shaft illustrated in Fig. 2A. 
Fig. 3 is a graph illustrating a relationship between 
a peripheral speed of a shaft and a tensile strength ratio 
while friction welding is being carried out. 

Fig. 4 is a microphotograph of a cross-section of a 
20 friction-welded portion. 

Fig. 5 is a graph illustrating a relationship between 
a d/D ratio and a tensile strength ratio for a completed 
turbine shaft, where "d" is a diameter of the shaft after 
shaved, and "D" is a diameter of the shaft before 
25 shaved. 

DESCRIPTION OF THE PREFERRED EMBODI- 
MENTS 

30 Preferred embodiments in accordance with the 
present invention will be explained hereinbelow with ref- 
erence to drawings. 

As illustrated in Fig. 1 , a method in accordance with 
the preferred embodiment includes three steps. A first 

35 step is banking a heat resistant alloy 2 as intermediate 
material onto an end surface of a shaft 1, as illustrated 
in Fig. 1(A). A second step is rotating a turbine rotor 3 
and the shaft 1 relative to each other at a peripheral 
speed in the range of about 145 cm/s to about 260 cm/s 

40 both inclusive with the heat resistant alloy 2 being com- 
pressed onto a surface of the turbine rotor 3, to thereby 
pressure-welding the shaft 1 to the turbine rotor 3 due to 
frictional heat generated by relative rotation between 
the shaft 1 and the turbine rotor, as illustrated in Fig. 

45 1(B). A third or last step is shaving a peripheral portion 
of friction-welded area 4, as illustrated in Fig. 1(C). 

The shaft 1 is made of low alloy steel or common 
steel. The heat resistant alloy 2 as intermediate material 
is selected from nickel-based alloy, austenite family 

so iron-based alloy, titanium-based alloy or cobalt-based 
alloy. Those alloys provide high reliability for operation 
at a high temperature due to their heat resistance, and 
also provide high bonding force against both titanium 
aluminide and steel such as low alloy steel and common 

55 steel, thereby the shaft 1 being able to be friction- 
welded to the turbine rotor 3 with less cracks. 

The heat resistant alloy 2 may be formed with a 
hole or holes for preventing cracking of the shaft 1 
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and/or the turbine rotor 3 which would be caused by a 
difference in thermal expansion coefficiency between 
the shaft 1 and the turbine rotor 3. 

In the second step, the heat resistant alloy 1 is com- 
pressed onto the turbine rotor 3 under a pressure of 
about 30 kgt/mm 2 when frictional heat generates, and 
about 40 kgf/mm 2 when the shaft 1 is bonded to the tur- 
bine rotor 3. Under the pressure, friction welding with 
the intermediate material 2 can be effectively accom- 
plished. 

Fig. 2A is a plan view illustrating a turbine shaft fab- 
ricated in accordance with the preferred embodiment. 
The illustrated turbine shaft is one after friction welding 
step is completed, but prior to a step of removing a 
peripheral portion of the shaft 1. Fig. 2B is an enlarged 
view illustrating a friction-welded portion 4 of the turbine 
shaft 1. As illustrated, a diameter D of the friction- 
welded portion 4 is set sufficiently greater than a maxi- 
mum diameter d of the shaved shaft 1 . In the third step 
as illustrated in Fig. 1 (C), a peripheral portion of the fric- 
tion-welded portion 4 is shaved, for instance, by means 
of a cutter to thereby finish the shaft 1 to a designed fin- 
ish dimension. 

Fig. 3 shows a relationship between a peripheral 
speed of the shaft 1 and a tensile strength ratio in the 
friction welding step. The peripheral speed is measured 
for the shaft 1 having the diameter D. Herein, a tensile 
strength ratio in Fig. 3 is defined as a ratio of actually 
measured tensile strength to a tensile strength required 
for the turbine shaft as a final product 

As is understood in view of Fig. 3, it is possible to 
obtain a tensile strength greater than required for a 
product by friction-welding the shaft 1 to the turbine 
rotor 3 when the peripheral speed of the shaft 1 having 
the diameter D is in the range of about 145 cm/s to 
about 260 cm/s both inclusive (the range is indicated 
with arrows). 

Fig. 4 is a microphotograph of a cross-section of an 
outer peripheral portion of the friction-welded portion 
after the friction welding step has been completed. It 
has been confirmed in view of the microphotograph that 
an outer peripheral portion of the friction-welded portion 
is likely to have a diffusion layer due to a greater periph- 
eral speed thereof, and is not able to avoid to crack due 
to a difference in thermal expansion coefficiency when 
cooled between the shaft 1 and the turbine rotor 3. How- 
ever, it has been also confirmed that there can be 
formed a friction-welded layer in a central portion of the 
friction-welded portion without any defects under the 
above mentioned conditions. 

Fig. 5 is a graph illustrating a relationship between 
a d/D ratio and a tensile strength ratio for a completed 
turbine shaft. It has been confirmed in view of Fig. 5 that 
if the d/D ratio is smaller than 0.8 (d/D<0.8), that is, if the 
friction-welded portion is shaved at its outer peripheral 
portion to thereby reduce a diameter down to about 
80% of an initial diameter, it is possible to remove 
cracked portions at a peripheral portion of the shaft 1 to 


thereby cause the turbine shaft to have a tensile 
strength greater than required for a final product. 

As mentioned so for, in accordance with the present 
invention, it is possible to reduce a possibility of cracks 

5 caused by a difference in a thermal expansion coeffi- 
ciency between the shaft 1 and the turbine rotor 3, by 
banking the heat resistant alloy 2 as intermediate mate- 
rial onto an end surface of the shaft 1. There can be 
formed the friction-welded portion 4 having almost no 

10 cracks at least in a central portion thereof by rotating the 
turbine rotor 3 and the shaft 1 relative to each other at a 
peripheral speed in the range of about 145 cm/s to 
about 260 cm/s with the heat resistant alloy 2 being 
compressed onto a surface of the turbine rotor 3, and by 

is pressure-welding the shaft 1 to the turbine rotor 3 due to 
frictional heat generated by relative rotation between 
the shaft 1 and the turbine rotor 3. Then, a peripheral 
portion of the shaft is shaved for removing cracked por- 
tion. There can be formed a turbine shaft where the 

20 shaft 1 is welded to the turbine rotor 3 with a sufficient 
welding force by shaving a peripheral portion of the fric- 
tion-welded portion 4 of the shaft 1 so that the shaft 1 
has an outer diameter which is about 80% of an original 
diameter thereof. 

25 Thus, the inventive method of friction-welding a 
shaft to a titanium aluminide turbine rotor provides an 
advantage of an ability of friction-welding a steel shaft to 
a turbine rotor made of TiAl alloy. 

While the present invention has been described in 

30 connection with certain preferred embodiments, it is to 
be understood that the subject matter encompassed by 
way of the present invention is not to be limited to those 
specific embodiments. On the contrary, it is intended for 
the subject matter of the invention to include all after na- 

35 tives, modifications and equivalents as can be included 
within the spirit and scope of the following claims. 

Claims 

40 1. A method of friction-welding a steel shaft to a tur- 
bine rotor made of titanium aluminide, comprising 
the steps of: 

(a) banking a heat resistant alloy onto an end 
45 surface of said shaft; 

(b) rotating said turbine rotor and said shaft rel- 
ative to each other at a peripheral speed in the 
range of about 145 cm/s to about 260 crrvs 
both inclusive with said heat resistant alloy 

so being compressed onto a surface of said tur- 

bine rotor, to thereby pressure-welding said 
shaft to said turbine rotor due to frictional heat 
generated by relative rotation between said 
shaft and said turbine rotor; and 

55 (c) shaving a peripheral portion of said shaft. 

2. The method as set forth in claim 1 , wherein cracked 
portions are shaved off in said step (c). 
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3. The method as set forth in claim 1, wherein said 
heat resistant alloy has high binding force both to 
said shaft and said turbine rotor. 

4. The method as set forth in claim 1 further compris- s 
ing the step (d) of forming at least one hole with 
said heat resistant alloy, said step (d) being carried 
out between said steps (a) and (b). 

5. The method as set forth in claim 1, wherein said w 
heat resistant alloy is selected from a group con- 
sisting of nickel-based alloy, austenite family iron- 
based alloy, titanium-based alloy and cobalt-based 
alloy. 

15 

6. The method as set forth in claim 1, wherein said 
heat resistant alloy is compressed onto said turbine 
rotor in said step (b) under a pressure of about 30 
kgf/mm 2 when frictional heat generates and about 

40 kgf/mm 2 when said shaft is bonded to said tur- 20 
bine rotor. 

7. The method as set forth in claim 1, wherein only 
said shaft is rotated in said step (b). 

25 

8. The method as set forth in claim 1, wherein said 
shaft is made of one of low alloy steel and common 
steel. 

9. A method of friction-welding a steel shaft to a tur- 30 
bine rotor made of titanium aluminide, comprising 
the steps of: 

(a) banking a heat resistant alloy onto an end 
surface of said shaft; 35 

(b) rotating said turbine rotor and said shaft rel- 
ative to each other at a peripheral speed in the 
range of about 145 cm/s to about 260 cm/s 
both inclusive with said heat resistant alloy 
being compressed onto a surface of said tur- 40 
bine rotor, to thereby pressure-welding said 
shaft to said turbine rotor due to frictional heat 
generated by relative rotation between said 
shaft and said turbine rotor; and 

(c) shaving a peripheral portion of said shaft so 45 
that said shaft has an outer diameter which is 
about 80% of an original diameter thereof. 

10. The method as set forth in claim 9, wherein said 
heat resistant alloy has high binding force both to so 
said shaft and said turbine rotor. 

1 1 . The method as set forth in claim 9 further compris- 
ing the step (d) of forming at least one hole with 
said heat resistant alloy, said step (d) being carried 55 
out between said steps (a) and (b). 

12. The method as set forth in claim 9. wherein said 


heat resistant alloy is selected from a group con- 
sisting of nickel-based alloy, austenite family iron- 
based alloy, titanium-based alloy and cobalt-based 
alloy. 

13. The method as set forth in claim 9, wherein said 
heat resistant alloy is compressed onto said turbine 
rotor in said step (b) under a pressure of about 30 
kgf/mm 2 when frictional heat generates and about 
40 kgf/mm 2 when said shaft is bonded to said tur- 
bine rotor. 

14. The method as set forth in claim 9, wherein only 
said shaft is rotated in said step (b). 

15. The method as set forth in claim 9, wherein said 
shaft is made of one of low alloy steel and common 
steel. 
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